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The Technology Innovation Program (TIP) at the National Institute of Standards and
Technology (NIST) was established for the purpose of assisting United States
businesses and institutions of higher education or other organizations, such as national
laboratories and nonprofit research institutions, to support, promote, and accelerate
innovation in the United States through high-risk, high-reward research in areas of
critical national need.

TIP seeks to support accelerating high-risk, transformative research targeted to address
key societal challenges. Funding selections will be merit-based and may be provided to
industry (small and medium-sized businesses), universities, and consortia. The primary
mechanism for this support is cost-shared cooperative agreements awarded on the
basis of merit competitions.

AN AREA OF CRITICAL NATIONAL NEED

The proposed topic “Technologies to Enable a Smart Grid” is within the critical national
need area of Energy. This includes the technologies that will be required to enable a
reliable Smart Grid approach to electric power distribution, demand, and response
control, grid connectivity, and the integration of renewable energy sources into the grid.
TIP specifically aims to fund research in energy storage systems and the integration of
stored energy into the grid system, advanced sensors and their energy sources to be
deployed along the grid, and communication and control technologies (high voltage
power electronics).

The proposed topic area, “Technologies to Enable a Smart Grid” was selected from a
larger field of challenges where transformative research could be expected to have a
large societal impact. Input regarding potential challenges was obtained from
government agencies (such as the Department of Energy and the National Science
Foundation), industry (electric utilities), companies, universities, industry organizations
(such as American Council on Renewable Energy, American Wind Energy Association,
Edison Electric Institute, Electricity Storage Association, Energy Storage Council,
American Public Power Association, Public Utility Commissions) and national
laboratories.

The United States Department of Energy (DOE) defines the Smart Grid as “an
automated widely distributed energy delivery network characterized by a two-way flow of
electricity and information and will be capable of monitoring everything from power
plants to customer preferences to individual appliances. It incorporates into the grid the
benefits of distributed computing and communications to deliver real-time information
and enable the near-instantaneous balance of supply and demand at the device level.
The vision of a successful Smart Grid includes:

nl

o Intelligent, real-time control, monitoring, and efficient distribution of power from
traditional and renewable sources of energy;
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¢ Bi-directional energy flow management by supplying energy from the electric grid
to the users and taking excess energy from the users to the electric grid;

o Peak energy management of demands at different locations and different times
by optimizing energy generation, storage and distribution.

Currently, the United States electric grid is an electricity delivery network that provides
power to consumers via transmission systems that carry electricity load from generation
sources to distribution substations, and distribution systems that deliver electricity from
distribution substations to customers. The electrical grid is a “network of networks,”
comprised of over 3,100 separate electric utilities that distribute energy to end-user
consumers.? Additionally, DOE characterizes the Smart Grid® as an electricity delivery
network modernized using latest digital/information technologies to meet key defining
functions:

Enabling active participation by consumers,

Accommodating all generation and storage options,

Enabling new products, services, and markets,

Optimizing assets and operating efficiently,

Anticipating and responding to system disturbances in a self-healing manner,
Operating resiliently against physical and cyber attack as well as natural disasters,
Providing the power quality for the range of needs in a digital economy.

The desired goal of this competition is the development is a portfolio of technologies that
will enable the development of a nationwide Smart Grid and benefit one or more areas
originally developed by the DOE’s Modern Grid Team:*

Optimizing the grid’s utilization and efficiency,

Providing greater power quality,

Enhancing resiliency against attack and natural disaster, and
Anticipating and responding to system disturbances.

Analysis of current Smart Grid technologies that aim to address the four priority areas
above reveals various stages of research and development and varying levels of
Federal, academic, and industrial support. Some technologies are in fact nearing
deployment while other areas of predicted breakthroughs are in the most basic stages of
fundamental research. While there is a general understanding of what components are
required to achieve an active Smart Grid, there are a number of key challenges that are
essential to its full operation and would benefit from accelerated support: energy
storage and the integration of stored energy into the grid system, advanced
sensors and with independent energy sources, and system and control
technologies. Underlying all of the above is high voltage power electronics.

An operationally effective and efficient Smart Grid requires transformative research in a
wide variety of technologies rather than incremental advances of the current state-of-the-
art. TIP will support the need for transformative research through proposals for high-risk,
high-reward research in these underexplored challenge areas. Given the advancing age
of sections of our nation’s electrical grid infrastructure, the accelerated research of
enabling Smart Grid technologies across the grid with real-time communication and load
control capabilities from the point of generation to the point of end-use consumption is
critical.

November 5, 2009 2



DRAFT FOR COMMENT ONLY NOT A SOLICITATION FOR PROPOSALS

The need for advanced technologies for Smart Grid deployment and development is
national because every community in the nation is dependent on the constant,
uninterrupted flow of electricity for residential, industrial, and commercial use, as well as
the proper functioning of essential services and infrastructure. The need is critical
because major portions of the current United States grid architecture are inadequate to
handle increased electricity load to accommodate projected increases in demand.
Failure to adequately address the challenges of developing an advanced Smart Grid
could lead to severe economic disturbance due to increasing interruption of electricity
distribution to end users and increased vulnerability to attack and natural disasters.

Much of the transformative research required is either underfunded or not funded at all
by the private sector. Supplier companies generally do not fund high-risk R&D without
demonstrated interest of the over 3,100 utilities that operate the various grid subsystems
and serve as the customer base for much of this technology. However, these utilities
often tread cautiously when contemplating technology development because they must
be responsive to both ratepayers and shareholders who are concerned primarily with
electricity cost and local reliable service. Therefore, it is unlikely that utilities will
purchase and incorporate any Smart Grid technology that is not thoroughly researched,
developed, and demonstrated. This means the research undertaken in this area is
usually evolutionary, rather than revolutionary.

The challenges facing the U.S. electric grid require accelerated investment in high-risk
Smart Grid technology research to prevent deterioration of this vital infrastructure that
will result in costly service interruptions. Furthermore, the Smart Grid will enable the
efficient integration of intermittent renewable energy sources into the nation’s power
system decreasing dependence on carbon-fueled power plants to meet projected
increased demand and maintain peak capacity. The Smart Grid will also enable the end-
user to efficiently manage local power usage and will lead to a reduction in aggregate
energy demand.

Magnitude of the Problem

In 2008, the United States was the largest energy consumer® in the world. According to
DOE's Energy Information Administration (EIA), the United States consumed 102
guadrillion Btu (quads) with a projected growth to 131 quads by 2030. Of the 102 quads
consumed in 2008, electrical energy accounted for 14 quads® and is projected to grow to
16 quads in 2030’. Adding this additional electrical energy to the existing electrical grid
distribution system will prove extremely challenging both technically and economically:

e Load. The system currently operates around 90 percent of its designed capacity
with very little excess capacity to distribute additional or new generating capacity
(the projected increase referenced above would exceed the total capacity of the
system).

o Reliability and Integration. The grid does not employ a reliable two-way
communication system, distributed sensors, or adequate storage to allow
responses to intermittency for renewable and other energy sources or to allow bi-
directional communication between end user and distributed generation source.

e Age. Many components of the system are more than 50 years old and are
incapable of handling the additional load demands predicted by the EIA or
supporting the advanced devices necessary to increase the intelligence of the
electrical grid.
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¢ Benefit/Cost Ratio. Improvements must be demonstrated in terms of benefit/cost
and performance/cost ratios and they must be able to be clearly articulated to the
utility stakeholders.

The bulk electric grid in the United States consists of five independent systems: three on
the mainland (Eastern Interconnect, Western Interconnect and the Texas Interconnect)
plus Alaska and Hawaii. There are also many thousands of public and private utilities
operating within the bulk system.? The grid was developed when electricity was cheap.
The grid has insufficient ability to balance loads or control power flows. The grid systems
are expected to work reliably (e.g., 99.97 percent of the time®) and they do. It is the 0.03
percent unreliability that costs the American consumers in excess of $150 billion
annually. Economic losses from power outages can be significant.

The drivers of the modern grid are digitization (the process of converting information into
a digital format), growth in consumption and the environmental impact.*® Interruptions
and disturbances measuring less than one cycle are enough to crash computer servers,
microprocessor based devices, life support machines and other automated machines.
The economic consequences of these occurrences can be enormous. In the last 40
years there have been five massive blackouts in the United States, three of which have
occurred in the last nine years.™ While massive blackouts currently are few and far
between, there have been numerous small blackouts and brownouts due to slow
response times for mechanical switches, lack of automated analytic controls, and lack of
awareness on the part of operators who lacked the necessary tools to be able to react
quickly or to anticipate an outage. The 2000 blackout lasting only one hour resulted in
trading delays valued at $20 trillion at the Chicago Board of Trade. The 2003 Northeast
blackout caused losses in excess of $6 billion. An EPRI Report™ states that $1.8 trillion
in annual additive revenue could be had by 2020 with a substantially more efficient and
reliable grid. The Galvin Electricity Initiative reported in “The Case for Transformation”
that reducing power disturbances would save $49 billion annually, reduce the need for
massive infrastructure investments by between $46 billion and $117 billion over the next
20 years, and would allow consumers to easily control their power consumption while
adding $5 billion to $7 billion back into the economy when widely deployed.*?

Under the current grid system, the amount of electricity generated must be balanced by
the load, i.e., it must be used immediately when generated. It cannot be easily stored.
One consequence of this is that systems must be kept available to accommodate peak
demand even though peak demand occurs infrequently. Peaking combustion turbines
(which are typically fueled by natural gas) run for only a few hours per year but at a high
generating cost of $1,000 per megawatthour. The California Independent System
Operator (CAISO) cites California peak usage in 2005-2006 of 50,085 megawatts (5,000
megawatts or roughly 10 percent above regular usage). This demand occurred only 0.65
percent of the time, i.e., a total of 57 hours.™ What is needed to meet increasing
demand is to create a system where added energy capacity can be derived from new,
distributed sources at all hours, stored and utilized when needed without the need for
constructing additional generating plants, especially traditional coal-fired plants.™

Large energy losses also occur on the grid when energy production from conventional
power plants and renewable sources do not match the load demand. This happens
when demand spikes, or when generation from renewable sources or equipment failure
suddenly decreases supply. Improved control of energy sources, efficient control of
renewable systems together with new storage capability (generation plus storage) can
also be a consideration in decreasing the need for additional centralized power plants.
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Mapping to National Objectives

Energy is a concern of the new Administration (American Recovery and Reinvestment
Act of 2009) as well as former Administrations. On January 21, 2009, the White House
issued its New Energy for America Plan listing five areas for priority attention:

e 10 percent electricity from renewable sources by 2012 and 25 percent by 2025
(up from 2 percent in 2008),

¢ Within 10 years to save more oil than currently imported from Venezuela and
Saudi Arabia (currently 2.5 million barrels per day),
Reduce greenhouse gas emissions by 80 percent by 2050,

e One million hybrid cars by 2015, and
Create new jobs based on a clean energy future.

Congress issued the 2007 Energy Independence and Security Act (a follow-on to the
Energy Policy Act of 2005) which called attention to the problems associated with the
grid. The Act establishes through the DOE an Electricity Advisory Committee (EAC) to
make recommendations on the different aspects of energy independence and security
including the electric grid.*® To implement the energy agendas set forth by the new
Administration will require substantial development of the electric grid.

In December 2008 the EAC released a report entitled Smart Grid: Enabler of the New
Energy Economy that states that a “Smart Grid is ... foundational for a sustainable
energy future; and if there is a growing consensus within the United States that clean
energy is a platform for rebuilding the American economy, then it follows that the
realization of a Smart Grid is also critical to economic growth.”"’

Thus the development of a Smart Grid is clearly a key enabler to achieve the national
energy objectives of the Federal government and is seen as a critical endeavor to
ensure the economic prosperity of the United States as well as an integral component in
addressing the energy security, environmental health and economic concerns facing the
nation.

NIST Laboratory Activities

NIST has a vital role in enabling the Smart Grid. Section 1305 of the Energy
Independence and Security Act of 2007 tasks NIST with coordinating and developing a
standards-based interoperability framework for the Smart Grid. The Act directs NIST to
coordinate the development of protocols and model standards to allow the
interoperability of the various components of the Smart Grid by working collaboratively
with both private and public entities. NIST has begun the coordination of the
interoperability framework by creating Domain Expert Working Groups (DEWGS),
hosting a workshop, and writing a progress report on the framework development. The
DEWGs comprise industry experts from electric utilities, manufacturers, industry
organizations and users groups, consultants, standards development organizations
(SDOs), and academia. They are working in several Smart Grid domain areas
(commercial buildings, industrial plants and centralized generation, residences,
transmission and distribution grid) to identify the key interfaces, interoperability barriers
and standards necessary to overcome them, and to enable the rapid development of the
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smart grid. They are providing power grid stakeholder input to the development of the
interoperability framework. Section 1305 also directs the Federal Energy Regulatory
Commission (FERC) to begin the adoption process of the recommended standards
when sufficient industry consensus has been achieved for use in bulk electric power
transmission systems.

The United States, in recognizing the need for a reduced reliance on fossil fuels, has
initiated many programs to generate energy using sustainable sources such as solar,
wind, and hydro, among others. The success of the integration of renewable energy
sources rests on the development of a Smart Grid. Both government and industry have
begun limited development efforts on various aspects to improve the grid. Major
corporations have spent considerable resources on developing and testing one or more
aspects related to the Smart Grid, for example, smart metering (GE’s 2009 Super Bowl
commercial) as one step in implementing the Advanced Metering Initiative (AMI).*
There are also many small- and medium-sized businesses as well as university research
programs that are developing energy technologies that relate to the implementation of
the Smart Grid.

Challenge Areas for Accelerated Funding

There are significant technology challenges that need to be addressed if the Smart Grid
is to become a reality. By 2025, the United States is projected to obtain 25 percent of its
electric power from renewable sources distributed throughout the nation.?® Distributed
power of that magnitude cannot be connected to the grid at this time because grid
control was not designed for such widely varying and distributed sources. The grid
instead was designed for a limited number of large centralized sources with a one-way
flow of power to users. Since distributed renewable sources are by nature intermittent,
users will at one moment supply net power to the grid and at another receive net power
from the grid when a renewable source is not sufficient to meet their needs.

To address the system control requirements associated with these distributed sources,
the Smart Grid will rely on a number of technologies for which funding is not expected to
be available in a timely fashion. TIP thus has an opportunity to accelerate support to
these technologies and to assist with the development of the Smart Grid. These
technologies can be grouped broadly as:

Energy storage systems,

Advanced sensors and sensing systems with independent power sources,
System measurement technologies, and

Advanced high voltage (greater than 10 kV) power electronics.

Energy Storage Systems

Electrical storage for the Smart Grid integrates and addresses three requirements that
involve very different operational time scales.

e Power quality —response times of seconds or less assuring continuity of quality
power,

e Bridging power —response times of seconds to minutes assuring continuity of
service when switching from one source to another, and

e Energy management —response times of hours for decoupling the timing of
generation and consumption.
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There are a variety of energy storage systems today, including batteries, flywheels,
superconducting magnetic energy storage (SMES), compressed air, pumped hydro, and
ultra-capacitors to name a few. Each of the storage forms can be applied to one or more
of the three categories listed above. However, new, advanced storage technology is
clearly needed.

Current storage technologies have limited application to grid system storage because of
their low power limitations, low energy density, and high cost. Only one battery today
has high power with adequate energy density and efficiency; it is now being tested under
real power loads in both the United States and Japan — the sodium-sulfur battery.
However, it is still very expensive (about $3,000 per kilowatt installed), and has a very
large footprint (e.g., a 34 megawatt storage farm in Japan, enough to power a small
town, required one acre of batteries). For California to successfully implement its
Renewable Portfolio Standards reduction target of 33 percent by 2020, it would require
four gigawatts of stored electricity requiring over 117 acres (and potentially more than
$10 billion).

Lead acid batteries, one of the oldest and most developed technologies (predominantly
for automotive use) have been used in a number of projects in the United States. While
this technology has many advantages, its energy management capabilities are very
limited due to its short cycle life, inconsistent energy delivery, and high maintenance
cost. DOE has major efforts in trying to improve lead-acid batteries. Efforts are being
made by both industry and government using materials such as silicon carbide and
graphene.

Devices with substantially higher energy and power densities, faster recharge rates, and
longer charge-discharge cycle lifetimes are needed to meet the requirements of the
Smart Grid. There are also safety issues that must be addressed to prevent premature
and at times catastrophic failures as well as significant cost factors. Flow batteries such
as Vanadium Redox, Poly-Sulfide (PSB) and Zinc-Bromide have good energy and
acceptable power but are expensive. Flywheels have high power but low energy density
and are used today for frequency regulation. They are also very expensive.
Superconductor Magnetic Energy Storage (SMES) has high power, low density, very
high production and installation costs, and currently is only used for niche operations
such as paper mills. Electrochemical capacitors have long cycle life, high power and
acceptable energy density but their cycle times are very short. Even something that
appears to be relatively simple such as using Plug-in Hybrid Electric Vehicles (PHEV) as
a resource for grid storage will require efficient and flexible power-electronics based
conditioning systems and metering infrastructure to reliably integrate with the grid.

Currently available storage technologies are lacking the substantially higher energy and
power densities, faster charging rates, and longer charge-discharge cycle lifetimes
needed to meet the requirements of the Smart Grid. Advances in storage technologies
funded by TIP would need to address several of the following characteristics:

Fast response time,

High reliability and long lived,

Improved benefit/cost ratio,

Capacity from 10 to 10,000 kilowatthours,
Hybrid storage systems,

New battery / capacitor chemistries, and
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¢ Integrate with high voltage power electronics (greater than10 kilovolts).
Advanced sensors with independent power sources
Grid security and monitoring systems will require:

e Stand-alone sensor units on all major grid components and
e Grid-independent power sources for the sensors.

These sensors will be distributed along transmission lines (so they must be light weight
and low cost) and on all significant grid components such as transformers, capacitors,
switches and breakers with data processing and communications capability which can
operate independently of the grid power and monitor and report on the state of the grid
in real time.

These sensors must be powered independently of grid power and maintain operation
during disturbances and outages, with minimal maintenance. Power with a capacity
approaching 10 watts will be needed. There are numerous devices well along in
development that scavenge energy from the conversion of vibration via the piezoelectric
effects, receive and convert radio frequency energy, and other systems that capture very
low levels of electric power in the range from micro-watts to tenths of a watt. None of
these scavenging devices has the capability to store energy. How much power a sensor
needs will depend on the location and task assigned to that sensor on the grid. For
example, some sensors may require as much as 65 watthours while others may only
need 5 watthours. Energy storage is important because conditions under which energy
can be scavenged are intermittent and the sensors must operate continuously.

Advances in sensors and sensing systems for critical grid components funded by TIP
would need to address several of the following characteristics:

Self-powered,

Intelligent,

Low maintenance,

Improved benefit to cost ratio,

Real time (sense, process, transmit data),

Packaging that is compatible with high voltage, high temperature, and that is
environmentally sound.

System measurement challenges

Measurement needs for the Smart Grid fall into two categories: measurement of
performance and efficiency on a large scale and measurement of power consistency
over the grid on a fine scale. In fact, measurement technology of a more global nature is
needed and presents unique challenges.

First, in the area of performance and efficiency, new measurements will be needed to
evaluate the state, or condition, of the grid. For example, for a given set of users, new
measurements could aid in determining the most efficient configuration of the grid, and,
once implemented, whether the grid has achieved that performance level. New, cheaper
and more robust dynamic measurement technology capabilities are needed to:
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e Ascertain the effectiveness of the systems and devices that may result from new
and/or substantially improved technologies for the Smart Grid such as power grid
and source conditions in real time,

¢ Determine what kind and how much increased efficiency actually occurred, and

o Determine under what standards various systems platforms may be integrated or
replaced.

Measurements will need to be done in high voltage environments and will need to be
reliable and secure. Measurement systems will need to be integrated effortlessly into the
bi-directional communications of the Smart Grid.

Advances in measuring the performance and efficiency of the grid funded by TIP would
need to address the ability to assess whether system changes met all of the following
characteristics:

¢ What they were supposed to deliver,
e Improved performance and efficiency, and
e Enabled continued grid security (bi-directional).

In addition, the area of fine scale measurements addresses the need for phase angle
and frequency of the power on the grid through widely separated points. Subtle shifts in
phase angle or frequency of power on the grid can lead to serious stresses and damage
to major grid components. A difference of a few hundredths of a hertz in frequency
between points on the grid contributed to the failure of the power grid around Lake Erie.
High accuracy measurements of phase angle between distant points on the grid require
that sensors be precisely synchronized. How to make these fine scale measurements
and how to interpret the data is a serious challenge. Some variations in phase angle
might be localized and long in duration. These should be addressed by hardware that
provides power factor corrections. Some variations in phase angle may be dynamic and
must be corrected by the grid dynamic control software and hardware.

Advances in fine scale measurements funded by TIP would need to address both of the
following characteristics:

¢ Relative phase angles between highly spaced points on the grid and
e High accuracy frequency measurements over a large number of measurement
points on the grid.

High voltage power electronics (greater than 10 kilovolt)

Underpinning the above technologies and the electric grid as a whole are power
electronics. Power electronics are “a key technology for interconnecting renewable
energy generation to the grid...and can provide ancillary services such as reactive
power compensation and voltage and frequency regulation...and in general improve the
power quality and reliability of the electric grid.”*

DOE defines high voltage power electronics as “the use of switching devices to control
and convert electrical power from one form to another to meet a user’s need.”?? Convert
is a general term used in power electronics to describe the process of changing power
from one form to another requiring control systems, semiconductor switches, thermal
management and protection devices, magnetic, such as transformers and filters, among
others. These devices are responsible for control and delivery of electricity on the grid.
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Advances in high voltage power electronics funded by TIP will need to address one or
more of the following:

e Materials with suitable properties (i.e., functioning at high temperatures and high
voltage),

e Semiconductor devices,
Modularized circuit designs that can be mass produced, combined and stacked
to meet a broad range of requirements,

e High temperature and standardized packaging, and

e Control systems (hardware and software issues).

While lowering cost and improving efficiency and reliability will always be a
consideration, attention will need to be given to the ability to operate above 10 kilovolts.
And new challenges in grid control will need to be addressed that arise from transients
such as clouds passing over photovoltaic arrays introducing changes to the grid state
that occur on the order of seconds. Problems such as this latter one will most likely need
the integration of hardware and software solutions.

Summary

In today’s, grid the electricity generated must be balanced in real time with the load
demand. A fundamental component of the Smart Grid is energy storage, that is, excess
energy will be stored when available and used on an as-needed basis. Energy storage
has the potential to provide a seamless continuity through brief outages, helps to smooth
renewable energy’s entry into the grid, and allows better asset allocation for generation,
transmission and distribution.

Grid security and monitoring systems will require multiple stand-alone sensor units along
transmission lines and on all significant grid components with data processing and
communications capability which can operate independently of the grid power and
monitor and report on the state of the grid in real time.

To successfully address these technical challenges, TIP will support high-risk, high-
reward research that could enhance and accelerate the development of:

e Technologies for storage of electrical energy applicable to grid support,

¢ New self-powered sensing technologies,

e New system measurements and instrumentation to enable a more reliable,
robust, efficient, and secure grid, and

¢ High voltage power technologies.

Technologies that will allow automated responses to power demands and problems with
the least disruption of reliable power flow are needed. These technologies will address
infrastructural problems associated with grid performance and the measurement of that
performance, grid real time controls, bi-directional communication, incorporation of
sustainable energy sources, and interaction with distributed energy resources. New
devices and algorithms are needed for high efficiency conversions from solar DC to AC
synchronized with grid power, wind conversions from variable to regulated power,
energy storage to support reliable grid operation during power interruptions and
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disturbances and meet increasing peak demand, and energy scavenging for power
sensing devices to monitor the behavior of the grid.

The challenges facing the current United States electrical grid are myriad: from aging
infrastructure that contributes to increased power interruptions to the lack of bi-
directional communications and controls to enable automated load management and
switching. Therefore, the Federal government has made the development of a Smart
Grid a national priority to ensure the nation’s prosperity and security. However, there are
a number of challenges that need to be met and overcome. While many of these are
already adequately funded by Federal and industry funds, there are challenges
appropriate for TIP support.
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